Glycans constitute a new class of compounds for biomarker discovery. Glycosylation is a common post-translational modification and is often associated with transformation to malignancy. To analyze glycans, they are released from proteins, enriched, and measured with mass spectrometry. For biomarker discovery, repeatability at every step of the process is important. Locating and minimizing the process variability is key to establishing a robust platform stable enough for biomarker discovery. Understanding the variability of the measurement devices helps understand the variability associated with the chemical processing. This report explores the potential use of methods expediting the enzymatic release of glycans such as a microwave reactor and automation of the solid-phase extraction with a robotic liquid handler. The study employs matrix-assisted laser desorption/ionization-Fourier transform ion cyclotron resonance mass spectrometry but would be suitable with any mass spectrometry method. Methods for system-wide data analysis are examined because proper metrics for evaluating the performance of glycan sample preparation procedures are not well established.
Introduction
Glycans are complex linear and branched arrangements of monosaccharides that are essential to the vitality of organisms. It is projected that over 50% of all proteins are glycosylated based on the Swiss-Prot database of known protein sequences and putative binding sites.
1 N-linked glycans make up the most abundant group and are found only on an asparagine that is adjoined by a variable amino acid followed by serine, threonine, or less commonly cysteine amino acid (Asn-Xaa-Ser/Thr/Cys). [2] [3] [4] N-linked glycans have a large diversity in structures bound to a consensus sequence on a glycoprotein.
The biological importance of glycosylation in cellular recognition and communication has made them a prime target for discovering biomarkers for diseases. [5] [6] [7] [8] [9] [10] N-glycans are typically isolated for analysis by cleaving off the glycan from glycoproteins with the endoglycosidase enzyme PNGase F (peptide: N-Glycosidase F). PNGase F is often the enzyme of choice because of its broad specificity toward almost all N-glycans. However, if the N-glycan core is modified with an R1-3 fucose, it will be resistant to PNGase F. 11 After release, mass spectrometry is often performed to obtain glycan compositions. Mass spectrometry is currently the best method for profiling glycans due to its sensitivity and speed of analysis. Furthermore, profiling glycan compositions is one key step toward understanding structure-function relationships of specific glycan structures.
Biomarker discovery relies on the reproducible release and quantitative analysis of glycans from tissue. The most direct method for discovery involves three major steps: (1) the release of the glycan, (2) enrichment, and (3) mass spectrometry. The reliability of the markers relies on each of these steps to be highly reproducible.
Global enzymatic release of N-glycans as performed with PNGase F requires treatment of serum in a physiological buffer and reacted isothermally at 37°C. The shortest amount of time for digestion of pure glycoproteins is 2 h, 12, 13 whereas digestion of complex mixtures, like serum, can take from 12 to 22 h. [14] [15] [16] However, three approaches have been implemented to alter the common PNGase F enzymatic release method: the creation of an immobilized PNGase F enzyme reactor, 17 high pressurecycling of reaction conditions, 18 and the implementation of a microwave reactor. 15, 19 Palm et al. 17 built a monolithic PNGase F enzyme micro reactor by immobilizing the enzyme covalently onto a porous polymer-based monolith. They immobilized the PNGase F enzyme in a cross-linked acrylamide gel. Standard glycoproteins (chicken ovalbumin, bovine asialofetuin, bovine ribonuclease B, and bovine R 1 -acid glycoprotein) were shown to effectively deglycosylate in 3.5 min incubation times while maintaining constant activity for eight weeks.
Szabo et al. 18 used pressure cycling technology to enhance the release of N-glycans by PNGase F digestion. Pressure cycling between low (atmospheric) and high pressures (up to 30 kpsi) was shown to enhance the glycosidase activity requiring minutes for glycan release while requiring relatively low amounts of enzyme.
Sandoval et al. 19 employed microwave irradiation to enhance the enzymatic activity. Glycoproteins Herceptin (trastuzumab), Avastin (bevacizumab) (Genentech Inc.) and bovine ribonuclease B were deglycosylated with reaction times of 10 min. Bereman et al. 15 experimented with a liquid cooled microwave reactor that allowed for temperature control. They found that a fixed temperature of 25°C for 20 min (∼250 W) had the best performance based on the sum of the plasma glycan abundances.
This report examines a high-throughput sample preparation pipeline for global glycan mass profiling. It includes several metrics for method analysis including the percent coverage of glycan libraries, average glycan abundances, and coefficients of variation of glycan abundances. By isolating technical variables and experimental variables from sample variability, the variation of the glycan processing steps and spectra collection were studied. Microwave assisted enzymatic Nglycan release and automated solid phase extraction (performed by a liquid handler) were implemented in this workflow to speed up and stabilize the processing. A matrix-assisted laser desorption/ionization-Fourier transform ion cyclotron resonance (MALDI-FTICR) mass spectrometer was used to rapidly scan the glycan sample and capture high mass accuracy highresolution mass spectra. The expedited automated sample preparation and mass spectra collection methods scale well for large clinical sample sets allowing for fast turnaround.
Experimental Section
Samples. The human serum samples were purchased from Sigma Aldrich (Sigma) and the Gynecological Oncology Group (GOG) tissue bank. The number of technical replicates in the case of Sigma serum, and number of individual serum samples from the GOG are shown in Table 1 . The pertinent sample processing parameters are also included. Human serum samples used for reproducibility studies were purchased from Sigma and all came from the same person and lot (Sets A,B,C) while samples for the broad human profile study (Set D) came from the GOG tissue bank. The GOG samples were organized and divided into aliquots at the University of California Davis Medical Center Clinical Laboratories. The serum processing at the GOG tissue bank was performed with an Internal Review Board (IRB) approved protocol. All samples were transported frozen and stored in a -75°C freezer prior to processing.
Evaluation of the reproducibility of MALDI sample spot preparation within a spot (intraspot), and between spots (interspot) was performed on a single sample (Set A). Using a single sample decoupled the sample preparation variability from the variability due to mass spectra collection. Process reproducibility is evaluated with coefficients of variation (CV) and sample correlation coefficients. Standardization of the mass spectra collection process was also optimized on a set of four technical replicate serum samples.
A human serum sample set of four technical replicates from one serum sample were used to compare two sample processing methods and isolate the biological diversity from the experiments. The standard method (Set B) involves typical isothermal PNGase F N-glycan enzymatic release and manual vacuum manifold solid-phase extraction. The new method (Set C) replaces the glycan release with a more streamlined microwave-assisted PNGase F N-glycan release and exchanges the vacuum manifold with an automated Gilson GX-274 ASPEC liquid handler.
This method was further applied to a large set of healthy human serum samples (n ) 48) and evaluated (Set D). Glycan profiles were employed for comparing spectra across large sample sets. Metrics used here for method evaluation include how often a glycan can be detected in a sample set and its average abundances.
Protein Denaturation. Serum proteins were denatured under mild conditions to cleave disulfide bonds while minimizing glycan degradation. Serum samples were mixed in equal parts with an aqueous solution of 200 mM ammonium bicarbonate and 10 mM dithiothreitol. Detergents and buffers used during this step can often interfere with the mass spectrometry analysis downstream. 20 The ammonium bicarbonate/dithiothreitol solution was chosen because it is easily removed during the solid-phase extraction step. Low salt levels produce samples that are easily ionized in the mass spectrometer. The thermal denaturation includes four cycles of alternating between boiling water (100°C) and room temperature (25°C) water for 15 s each. The whole process takes 2 min per set of 24 samples, which is favorable for high throughput applications.
Rapid Enzymatic Glycan Release. The CEM microwave reactor (CEM Corporation, North Carolina) has two operational modes: standard and solid-phase synthesis (SPS) mode. Both modes require the user to specify a temperature and microwave power set point. The temperature is monitored by a fiber optic probe and both temperature and microwave power levels are presented on the reactor display. Heat generated from the microwave radiation was removed by a stream of air around a water-filled sample cup. The water in the cup surrounds the sample tubes allowing for a mediated constant temperature across all samples. For the standard mode temperature control, the reactor uses process control algorithms to vary the microwave power to hold a selected temperature. Unfortunately, the algorithms are designed for high temperature reactions (i.e., organic reactions). Low temperature conditions produce a sinusoidal response in microwave power and sample temperature. The variability in power supplied to the sample from this method makes studying the microwave enhancement effect difficult. Standard mode temperature controlled microwave power and sample temperature vs. time were plotted and presented in Figure 1a . Alternately, the SPS mode has a temperature set point and uses a step function of power inputs to maintain the temperature. By relaxing the temperature set point in the SPS mode, the step function can be avoided so that well-controlled, constant power experiments can be conducted. Each constant power setting has a different equilibrium temperature that is balanced by the cooling capacity of the reactor. Figure 1b depicts two stable equilibrium temperatures at 30°C (6W) and 44°C (20W). The optimal water bath temperatures for PNGase F release are plotted as a horizontal line. For a 10 min run, a 6W setting will input 3.5 KJ/run of microwave energy, while the 20W setting will input 12 KJ/run. However, much of this energy will be absorbed into the reactor walls and cooling water so that a 3-fold energy increase will keep the temperatures at a reasonable range (<45°C).
Constant power experiments are preferred because they are better controlled, which should result in better reproducibility. Microwave-enhanced N-glycan release of 24 serum samples can be performed in 20 min (2 sets of 12 for 10 min). The optimal power setting was 20W for 10 min, which was preferred over the lower 6W setting because the former yielded better glycan library coverage and glycan abundances (data not shown).
Ethanol Precipitation. Ethanol precipitation is highly effective for removing proteins from the glycans. In 80% ethanol, the proteins precipitate and are centrifuged into a hard pellet. Chilled ethanol was used to precipitate residual proteins prior to solid-phase extraction. After the ethanol was added, the solution was further frozen in a -75°C freezer for one hour to promote maximum precipitation. The samples were then centrifuged for thirty minutes at 13 200 rpm (16 110× g) in an Eppendorf 5415 D micro centrifuge and the supernatant containing the glycans was extracted and dried.
Automated Graphitic Carbon Solid-Phase Extraction. Cartridges filled with a stationary phase consisting of 150 mg of graphitic carbon are commonly used to desalt and fractionate glycans (Carbograph, Alltech Associates, Inc., Deerfield, IL). One challenge of graphitized carbon solid-phase extraction is the formation of bubbles on the high surface area carbon during the extraction process. Bubble formation causes flow channeling which changes the flow speeds through the cartridges and restricts the available area of the stationary phase. Altering the interaction area and flow rates will change the binding and elution patterns of the glycans. Various solid-phase extraction devices have been developed for small and large applications with varying capabilities for bubble removal.
For small sample sets, independent syringe plungers use positive pressure to force solutions through the cartridge. Positive pressure is preferred because it is capable of removing air bubbles that form on the carbon bed during the process. However, this method is not amenable to scale up because users can typically control only a few syringe plungers at a time. Reproducibility across large sample sets is also a problem because the force applied to the plunger varies greatly between operators.
When larger sample sets are analyzed, higher throughput vacuum manifolds are typically used. Vacuum manifolds pull a vacuum beneath the cartridges and use a pressure differential to pull solutions through the cartridges. Although vacuum manifolds scale well and typically hold up to 24 samples per manifold, they are intrinsically flawed because of their use of a negative pressure gradient. Bubbles that develop in the carbon beds cannot always be removed with the vacuum manifolds.
Automated rapid throughput solid-phase extraction was performed on a Gilson GX-274 ASPEC liquid handler. This liquid hander can be equipped with up to three sample cartridge racks allowing for 36 samples to be processed per run. The GX-274 is equipped with four probes backed by four discrete syringe pumps. This allows for constant positive pressure flows and precise fluid transfer volumes. The method programmed is as follows. The cartridge was washed with 6 mL nanopure water prior to use and conditioned with 6 mL 0.1% trifluoroacetic acid (TFA) in 80% acetonitrile (ACN)/H 2 O (v/v). Another 6 mL nanopure was used as a final rinse of the cartridges. Glycan solutions were applied to the GCC cartridge and subsequently washed with 12 mL of nanopure (E-Pure, Barnstead) water at a flow rate of 1 mL/minute for desalting. Glycans were eluted with 4. Advantages of the automation were immediately gained in reproducibility because of precisely controlled flow rates and delivered solution volumes. Furthermore, control over flow rate and volume variables allowed us to study the effects of perturbing the variables. The GX-274 can process 24 samples in approximately four hours with little user intervention. The processing time is only slightly faster than manual operations because of the direct mapping of the purification procedure to the robot. Much of the processing time is consumed by preparing and conditioning the graphitized carbon cartridges prior to use. After processing, the samples were collected and dried in a centrifugal evaporator apparatus. Each sample was reconstituted in nanopure water prior to MS analysis. 
.0 T superconducting magnet and a pulsed Nd:YAG laser 355 nm. A solution of 2,5-dihydroxybenzoic acid (DHB)/NaCl was used as the matrix for all oligosaccharide analyses (5 mg/ mL in 50% ACN, 25% 0.01 M NaCl, and 25% H 2 O). For the negative mode analysis, the 0.01 M NaCl solution was replaced with nanopure water.
Benefits of MALDI mass spectrometry used for this purpose include better salt tolerances and the production of singly charged species. Sodium chloride was used as a doping agent to favor the sodiated form of the glycans and enhance ionization. The production of singly charged sodiated ions simplified the data analysis by eliminating the charge deconvolution and summation of several ions with different cation adducts. The FTICR detector further simplified the analysis by providing high mass accuracy assignments, fully baseline resolved monoisotopic ions, and low baselines for noise threshold cutoffs. MALDI spotting was performed on disposable MALDI plates (Hudson Surface technology, Inc., Newark, NJ) to prevent contamination from previous samples. Each MALDI spot was thoroughly mixed and dried rapidly under vacuum to reduce "sweet spot" formation during crystallization. This instrument is equipped with a hexapole for ion accumulation allowing for multiple lower energy laser shots to be accumulated prior to loading the ICR cell. Fifteen 355 nm Nd:YAG laser pulses were accumulated and then scanned. Three to five spectra were collected from different parts of the MALDI spot and averaged together during data analysis.
Data Analysis Metrics. Sample correlation coefficients are a measure of the overall distribution of the glycans in the spectra in comparison to an average distribution of the set. When the same ions present and of similar abundance, the correlation coefficients are close to unity. An ideal replicate spectrum will have a coefficient of 1.0 and dissimilar spectra will have a value of zero.
The coefficients of variations (CV, standard deviation/mean) were calculated for the abundance of each glycan and averaged across several areas within the MALDI sample spot. CV is preferred to standard deviation for reporting variability because it is scaled by the peak abundance. However, calculating the CV in this manner skews the average value to higher values because low abundant species with relatively larger CV values are more prevalent than highly abundant species.
Results and Discussion

Reproducibility of the MALDI MS.
A set of replicate samples (Set A) derived from a single serum sample processed similarly with the microwave reactor and the Gilson robotic liquid handler was examined. Five spectra were collected from each MALDI spot and their glycan profiles elucidated. Each spectrum contains ions accumulated from 15 laser shots from a single laser location. All spectra were normalized by a base peak, which was fixed for the three ACN fractions to ensure all ions are normalized to the same peak. The base peaks were: m/z ) 1485.534 for 10% ACN fraction, m/z ) 1647.586 for 20% ACN fraction, and 1930.680 for the 40% ACN fraction. Replicate spectra from each sample area were averaged, and missing data were excluded from the average calculations.
The MALDI ionization is often criticized for having "sweet spots" that yield greater ionization of analyte than other locations within a MALDI spot as a consequence of heterogeneous crystallization. Solution heterogeneity caused by insufficient mixing of the matrix with the analyte and surface imperfections on the MALDI plate can cause these effects. Proper analyte dilutions and extensive mixing of the analyte with the matrix minimizes heterogeneity within the MALDI spot area. In addition, another cause of sample heterogeneity is the formation of large DHB crystals. Slow drying time, typical of air-dried samples, produce larger crystals. Smaller crystals were achieved by rapid drying through exposure to vacuum.
Each MALDI sample spot has a sufficiently large diameter to allow for several locations to be discretely targeted by the laser. Five locations were selected to minimize over sampling. The crystallized samples were sufficiently thick to allow for multiple laser shots per location during ion accumulation. For each spectra, 15 shots were accumulated in a hexapole prior to transfer to the ICR cell for analysis. A set of five spectra from one location is shown in Figure 4a to depict a typical response. The even responses of glycans abundances across all spectra demonstrate the homogeneity of the entire MALDI spot and reproducibility of the ionization process. An expanded section of low abundance glycan ions from the five spectra is shown in Figure 4b . Even at low abundances, the glycan response remains reproducible across the spot area.
Reproducibility of the MALDI process was evaluated for variability within a MALDI spot at different locations and between separate MALDI spots. Table 2 summarizes the results of the correlation coefficients for the five spectra and the different laser locations in the same MALDI spot area. The average correlation coefficient for spectra from the same spot is 0.998. There is high correlation between the spectra, but further averaging the spectra for each spot continues to decrease the overall coefficient of variation. By averaging five spectra instead of using one, the overall coefficient of variation is reduced from 21 to 10%. This decrease is in line with a decrease in standard deviation by the square root of n, where n is the number of spectra averaged (n ) 5 spectra per MALDI spot). Decreasing the variation by averaging multiple spectra from a single MALDI spot is presented in Figure 5 . If this square root of n decrease in standard deviation can be maintained, more spectra should be collected (instrument time allowing).
Variation between different MALDI spots were studied by comparing spectra collected from separate MALDI spots on the probe. The reproducibility of the MALDI spots were examined by comparing the spectra from eight different MALDI spots from a single serum sample (10% ACN fraction). The average coefficient of variation across the MALDI spots was 10%, and the distribution for each ion is presented in Figure 6 . Ion m/z a Four samples were examined and all samples are highly correlated within a spot. This similarity suggests spot heterogeneity has a minimal affect the relative ion distributions. The coefficient of variation (CV) within a spot is also shown. Even though the distributions are highly correlated, the glycan abundances vary 12-17%.
Effect of FT-ICR Analyzer Pressure on MS Measurements.
A MALDI FT-ICR MS operating protocol was developed to maintain instrumental parameters between measurements. A key condition for the analysis was the pressure in the analyzer cell during the analysis. Collision gas was used to decrease the translational energy of the ions and produce optimal trapping in the ICR cell. Obtaining ultra high vacuum was necessary to decrease the damping of the transient in the ICR cell by reducing the number of the ion-neutral collisions in the cell. Rapid spectra collection increases the base pressure unless additional time for the pressure to return to baseline is allowed between samples. Monitoring the base pressure between 1.5-2.0 × 10 -10 Torr yielded the proper repetition rate for spectra collection.
To examine the effect of pressure related transient damping on reproducibility, a set of four technical replicate samples (10% ACN fraction) processed in the same manner as Set C was used. The samples were analyzed with, and without, the strict control over the base pressure and pump down rate of the instrument. We found that by consistently maintaining the base pressure prior to spectra collection, the average CV across the glycans decreased from 16 to 11%.
Glycan Annotation. Glycans were annotated with the inhouse Glycolyzer analysis software. Briefly, the free induction decay signals from the ICR cell were fast Fourier transformed and internally calibrated using glycan signals that are present in all spectra. The noise was removed from the spectra by removing data that was below the lower limit of detection (LLOD). The LLOD was set to six standard deviations above the mean noise level. Resulting monoisotopic peaks were annotated with a retrosynthetic theoretical glycan library and exact mass assignments (<10 ppm mass error). 21 Averages of peak abundances were calculated by averaging all values detected above the noise level. Missing data was not included in the average values.
Each ACN fraction is measured separately with the high resolution MALDI FT-ICR. Theoretical retrosynthetic N-glycan networks were used as a metric for measuring how many glycans were detected in individual human glycan profile. 21 Each ACN fraction was separately analyzed and annotated resulting in 33 glycans being detected from the 10% fraction, 20 from the 20% fraction, and 29 from the 40% fraction. The summed total of all glycans detected is 89. However, several masses were detected across multiple ACN fractions. Tandem MS was performed on compositions that were found in at least two fractions. The results show that these compositions corresponded to different structures. The total number of distinct compositions overall fractions for the two methods was 64, resulting in a 20% coverage of the theoretical library.
Comparison of Standard Release and Enrichment Method with a the Microwave Release and Robotic Enrichment Method. Three criteria were used for comparing the performance of the methods used to process sample Set B and Set C: percent coverage of the theoretical retrosynthetic N-glycan network library, average glycan abundances, and the mean coefficient of variation (CV) of the glycan abundances.
Set B displayed 55 glycans (15% coverage) and Set C had 59 glycans (18% coverage). A grid diagram is presented in Figure  2 where each square represents a glycan and the shading represents its classification into one of three groups: only Set B, only Set C or both Set B and Set C. This figure shows the high percentage of common ions (78%) in Set B and Set C.
Measuring average glycan ion abundances is another metric for comparing data sets. Larger average ion abundances often result in more extensive glycan profiles because of the large dynamic range of glycan abundances in serum. These extended profiles may occur because low-abundance glycans can be detected above the lower limit of detection threshold in intense spectra. The average abundance ratio of Set B to Set C was 1.0 to 1.4 suggesting an overall increase in abundance for the new method. However, on an absolute scale a few dominant peaks will have a large contribution to the average and skew the results. To minimize this effect, logarithms of the abundances (base 10) are used for comparisons. The log average abundances for each glycan are presented in Figure 3 . The x-axis represents individual glycans and the log abundances are plotted on the y-axis. The plots are sorted by decreasing abundances. The abundances of glycans from each method were comparable showing a similar response in the quantities of glycans ionized and detected.
The CV of each ion abundances was calculated in the following manner. The standard deviation of each normalized glycan abundance was calculated and subsequently divided by the respective mean ion abundance. Missing values for glycan ions that were not detected above the lower limit of detection (6 S/N) were excluded from the calculation. The overall mean CV was calculated by taking the mean of all of the individual CV values calculated. This includes all CV values from each ACN fraction. Set B and Set C had a mean CV of 23% and 25%, respectively. The similarity of the mean CV calculated suggests proper automation of the manual process. The overall CV includes variation from the chemical (enzyme and enrichment) processing and mass spectrum collection.
Application of the Rapid Processing Method to 48 Samples. Evaluating large data sets (Set D) require additional metrics to handle the increased sample size dimension. Application of the theoretical retrosynthetic N-glycan library for spectral annotation allows for comparison across samples because each glycan ion is either detected above the LLOD noise threshold or not. This allows for the use of the frequency of glycan detection as a metric (frequency of detection). Glycans can generally be classified into two groups, glycans detected in all, or nearly all, of the samples and glycans that are less frequently detected. Frequently detected glycans are common to a population and constitute a common glycan profile. Common profile ions can be used specifically for calibration and method development as their response is predictable. The less frequent ions can typically be the result of ions that are near the LLOD noise threshold and are detected intermittently across a sample set. However, if a less frequent ion is detected well above the LLOD noise threshold, such as 10-20 sigma above the noise, it can be attributed to biological diversity.
The average frequency of detection of each glycan detected is plotted in Figure 7 . The gradual decrease in detection frequencies can either be attributed to sample process variability or biological diversity of the sample set. The minimum frequency cutoff was established as the detection of a monoisotopic glycan ion above the noise threshold in at least two samples. Set D contained 31 ions detected in 100% of the spectra and the average frequency of detection is 67%. Across all samples, 81 N-glycan compositions were identified from the sample set and half were detected in at least 95% of the samples.
Conclusions
A rapid, reproducible serum glycan purification pipeline was developed and its performance was evaluated. The faster Figure 5 . Coefficient of variation vs. number of spectra collected within a spot. The variation decrease by roughly the square root of n where n is the number of replicate spectra averaged. pipeline allows for 96 serum samples to be processed and ready for mass spectrometry analysis in one week. Faster turnaround is achieved since this timeline is inherently faster by one day when compared to the standard method. This new method is reproducible and applicable for large studies of healthy control and patient populations.
Substituting the vacuum manifolds with automated solidphase extraction imparted the benefits of both positive pressure displacement and large sample processing capacity. The automation of the solid-phase extraction also creates free time for the researcher to perform concurrent tasks. By expediting, automating and standardizing the procedure, the coefficients of variation were decreased while maintaining glycan average abundances and profiles. The operator variability was minimized for the new method allowing for new operators to learn the procedure and help process larger sample sets.
